HE hNT-derived neuron is a committed postmitotic cell line with many characteristics of immature neurons. 18, 27, 30, 37 This cell, derived from a human embryonal teratocarcinoma cell line (Ntera2), is differentiated in vitro with retinoic acid, 1, 30 with greater than 98% of the cells expressing a neuronal phenotype. In experiments in which hNT neurons were transplanted into the rat, investigators have demonstrated both their safety and efficacy. 14, 18, 27, 28, 35, 37 In all cases, hNT neurons maintained their neuronal phenotype in vivo, without reverting to their previous state. Additionally, implantation of hNT neurons into the basal ganglia was effective in improving both motor and cognitive deficits in a middle cerebral artery occlusion rat model of ischemia 7 in a dose-dependent manner. 35 In a recent open-label clinical study conducted in 12 patients with basal ganglia stroke and fixed motor deficits, authors demonstrated that after implantation of the LBS neurons (the clinical-grade hNT neurons) improved European Stroke Scale scores were observed in six patients and an increase of fluorodeoxyglucose uptake was revealed on PET scans in six patients. 19 Based on these preclinical and clinical studies, as well as the findings that hNT neurons survive, engraft, and exhibit long fiber outgrowth in intact 14 and contused spinal cord, 38 we examined whether implantation of hNT neurons in the spinal cord could improve the electrophysiological characteristics in rats subjected to complete SCI.
which would receive hNT neurons immediately after SCI; delayed transplant, which would receive hNT neurons 2 weeks after SCI; and injured control, which would receive no transplant. All animals with SCI were individually housed on special bedding to prevent skin breakdown, undergoing manual bowel and bladder expression twice daily. Food and water were freely accessible at a lowered height in all cages.
Those animals assigned to the immediate transplant group received two 1-l deposits (80,000 cells in Dulbecco's modified Eagle medium) of hNT neurons on each side of the spinal cord within the contused area (240,000 hNT neurons total) immediately after SCI. Injections were made using a 10-l microsyringe fitted with a 30-gauge needle ground to a 45˚ bevel. At 2 weeks postsurgery, all rats underwent MEP evaluation. One animal assigned to the delayed transplant group and one animal in the SCI-only group demonstrated residual MEPs and were excluded from the study. Therefore, the nine remaining delayed transplant group rats continued in the study and similarly underwent hNT neuron transplantation (80,000 in 1 l of Dulbecco's modified Eagle medium) at four sites within the contused area (240,000 hNT neurons total) immediately after this 2-week evaluation. The immediate and delayed transplant groups were allowed to survive 8 weeks posttransplantation. Thus, immediate transplant group rats animals survived for a total of 8 weeks, whereas those in the delayed group survived for a total of 10 weeks (2 weeks pretransplantation and 8 weeks posttransplantation), although the posttransplant survival period for both groups was 8 weeks. Rats in the no-SCI and SCI-only groups survived for 10 weeks. In all animals immunosuppression was maintained using cyclosporine (10 mg/kg/day) during the posttransplantation period. Care was taken to ensure adequate intraoperative anesthesia was maintained and that the rats were comfortable during the duration of the experiment, according to University of South Florida guidelines and the National Institutes of Health's Principles of Laboratory Animal Care throughout this study.
Motor evoked potentials were recorded using a signal averager in rats anesthetized with 2 to 3% isofluorothane mixed with oxygen. The stimulus consisted of a square wave pulse of 100-msec duration repeated at 5 Hz delivered through a right percutaneous scalp electrode and recorded in the contralateral (left) tibialis anterior muscle. The evoked signal was amplified (gain 10,000X; bandpass 10-500 Hz) and averaged over 500 pulses. The intensity of the stimulus was adjusted until a visible head twitch was observed (1-10 mA).
To corroborate the MEP results, brief behavioral tests were performed in all rats prior to killing. Two observers, blinded as to the groups to which animals were assigned, conducted each test. Openfield behavior was scored using a modified Tarlov scale. 16, 36 Spontaneous hind-limb activity was measured by placing the rat on a flat table. The following activity-related scores were applied: 0, no hindlimb movement, no weight bearing; 1, barely perceptible hind-limb movement, no weight bearing; 2, hind-limb movement, no weight bearing; 3, ability to support weight on hind limbs, able to take one or two steps; 4, ability to walk, with mild deficit; and 5, normal walking ability.
A reflex hind limb-placing response was elicited by contact of the dorsal surface of the foot against a surface (contact placing). 16 In response to the stimulus, a rat without deficits lifts the limb and places the plantar surface on the support. The contact-placing responses were scored as: 0, none; 1, slight (attempts to place limb correctly); and 2, full.
Toe spread response was elicited in rats by lifting the animal by the tail and letting the limbs hang freely. 16 A healthy rat spreads all its toes in an attempt to balance itself. This response was rated as: 0, no toe spread; 1, mild toe spread; and 2, normal toe spread.
At the end of the experiment, all rats were killed by administration of nembutal (60 mg/kg), delivered intraperitoneally, and were perfused transcardially with saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3). The spinal cords were removed. Serial 20-m frozen sections were cut horizontally and thaw mounted onto glass slides to maintain the anatomical relationship of the spinal cord. Sections spaced every 200 m were subjected to immunoreaction with antibodies specific to human neurofilament (HO14; 1:5) or human mitochondria (1:100). Sections were incubated in primary antibody overnight at 4˚C. The following day, sections were incubated with rhodamine-conjugated horse anti-human antibody, placed on coverslips with Vectashield, and examined with fluorescence microscopy. A third series of sections was stained with cresyl violet, dehydrated through an ascending series of alcohol, through xylene, and placed on coverslips with Permount to examine the cytoarchitecture of the spinal cord.
There is no evidence that hNT neurons differentiate into other cells (that is, astrocytes or oligodendrocytes) after long-term survival in grafts, 18 although NT2 cells, the precursor line of hNT neurons, can be made to differentiate into astrocytes with prolonged exposure to retinoic acid. 3 To assess whether some hNT neuons transplanted into the spinal cord differentiate into astrocytes, selected sections through areas of transplant were incubated overnight at 4˚C with a cocktail of a polyclonal antibody to GFAP (1:600) and a monoclonal antibody to human nuclear matrix protein (1:500). The following day, sections were incubated with a cocktail of antimouse antibody conjugated with rhodamine and anti-goat antibody conjugated to fluorescein isothiocyanate. Sections were placed on coverslips with Vectashield and examined with fluorescence microscopy or confocal microscopy.
Sources of Supplies and Equipment
The hNT neurons were provided by Layton BioScience, Inc. (Sunnyvale, CA). The Excel Signal Averager was purchased from Cadwell Laboratories, Inc. (Kennewick, WA). Dr. Virginia Lee (University of Pennsylvania) kindly donated the human neurofilament antibody (HO14). The human mitochondria was purchased from Calbiochem (San Diego, CA). The Vectashield was purchased from Vector Laboratories (Burlingame, CA). Permount was puchased from Fischer Scientific (Suwanee, GA). The GFAP antibody was purchased from Biogenex (San Ramone, CA), and the human nuclear matrix protein antibody was purchased from Oncogene (Cambridge, MA).
Results
One animal each from the immediate transplant, delayed transplant, and SCI-only groups demonstrated residual MEPs and were excluded from the study at the 2-week electrophysiological evaluation. During the course of the study, two animals in the delayed transplant group and one in SCI-only group died unexpectedly. Therefore, results are reported for the following numbers of rats: 10 in the no-SCI, nine in the immediate transplant, seven in the delayed transplant, and eight in the SCI-only groups.
In experimental models of SCI, MEP monitoring and behavioral testing can provide objective assessments of the functional integrity of the posterior and anterior spinal cord after injury 13, 17, 23 and tissue transplantation. In the present study, preoperative evaluation of MEPs established the baseline for each group prior to contusion. Two weeks after contusion injury, measurable MEPs were absent in all SCI-injured rats (Fig. 1) . This evaluation was not performed in laminectomy-only rats, which showed no sensory or motor deficits. Analysis of the data obtained at the end of the 8-week posttransplantation period indicates that all seven animals in the delayed transplant group had recovered MEPs; the mean amplitude was 52% of the healthy, laminectomy-only (control) rats with some prolongation (33%) of mean latencies. In the immediate transplant group, MEP recovery was demonstrated in only two of the nine rats, with a mean amplitude of 20% of the laminectomy-only group. Measurable MEPs were absent in all rats in the SCI-only control group. Figure 2 shows the respective latency and amplitude MEP recording data. An absent latency is represented with the arbitrary number of 100 msec for purposes of graph construction.
The behavioral data obtained at the end of the 8-week posttransplantation period are summarized in Table 1 . These data indicate a modest behavioral recovery in the delayed transplant group compared with that in the immediate transplant and SCI-only groups. Although ambulatory status was never recovered in any rat, two animals in the delayed and immediate transplanted groups were able to bear weight. This behavioral recovery in the latter group is consistent with the pattern of MEP recovery in these animals.
Examination of the spinal cord through the site of contusion demonstrated multiple areas of cavitation in all SCIinduced rats (Fig. 3) . Immunostaining with two different antisera, which recognize only human-specific epitopes, anti-human mitochondrial antibody, and anti-human neurofilament (HO14), revealed that the hNT neurons engrafted in the contused spinal cord. These transplants were found near areas of cavitation but not directly adjacent to these regions. As shown in Fig. 4 , anti-human mitochondrial antibody immunostained both the somata and neuritic extensions of the hNT neurons. The HO14 immunostaining demonstrated an elaborate network of processes extending from the hNT neurons. These fibers were observed traveling throughout the gray and the white matter of intact spinal cord 2 mm from the area of contusion. Within the white matter, the hNT fibers were observed rostrally and caudally to the contused area of the spinal cord, were most abundant along the lateral margin of the funiculi.
Immunohistochemistry for GFAP showed an extensive carpet of fluorescein isothiocyanate-positive reactive astrocytes throughout the contusion area (Fig. 5) . No astrocytes, however, were found that were also double labeled with human nuclear matrix protein-positive nuclei, although rhodamine-labeled, human nuclear matrix protein-positive nuclei of transplanted hNT neurons were present.
Discussion
The results of the present study demonstrated that transplantation of hNT neurons directly into the spinal cord contusion area reestablished MEPs, whereas no such effect was found in control animals. Interestingly, transplantation of hNT neurons at 2 weeks after contusion injury, rather than immediately after injury, results in improved recovery of MEPs.
There are a number of potential mechanisms that may contribute to recovery of function after SCI. 4, 9, 12, 22, 24, 29 It is well established that there is substantial potential for recovery of sensorimotor function after partial (incomplete) SCI in both neonatal and adult rats, the extent of which appears demonstrated no recovery 2 weeks after injury; however, MEP latency recovered to baseline levels in this group at 8 weeks posttransplant. In the laminectomy-only group no injury was demonstrated for the duration of the experiment. The amplitude of MEPs prior to (baseline), 2 weeks after, and 8 weeks after contusion induced SCI. Significant improvement in MEP amplitude was found in rats in which neurons were implanted 2 weeks after SCI compared with SCI-only animals or those that received immediate transplants.
to be determined by the reorganization and sprouting of the spared, undamaged pathways. 17, 22, 26, 31 In our experimental design, to minimize the likelihood of mistaking spontaneous recovery with efficacy of treatment, it was of paramount importance to establish that the paralysis was stable and complete before proceeding with delayed cell transplantation. Additionally, we reasoned that it was unlikely that any type of functional recovery would occur 2 weeks after transplantation and excluded, on the basis that they were likely to sustain partial rather than complete SCI, the rats in which recovery of MEPs was demonstrated at 2 weeks. One possible explanation for the improved results observed in the delayed transplant group compared with the immediate transplant group is that the microenvironment of the host spinal cord after an acute injury is more hostile and hence less receptive to the transplanted cells. By allowing a period of time to pass after contusion injury, a more favorable environment may be established for transplantation. Other possible mechanisms responsible for some behavioral recovery may involve the circuitry underlying rhythmic stepping movements, the spinal pattern generator for locomotion. The spinal pattern generator for locomotion is intrinsic within the rat spinal cord and under some conditions is capable of function independent of descending or segmental afferent input. 8, 9, 22 In particular, there is substantial recovery of motor function after partial SCI, both in neonatal and adult rats. 8, 9 These "intrinsic" repair mechanisms, however, are insignificant in adult rats that remain completely paralyzed for the first 2 weeks after the initial injury and are unlikely to be the mechanism of recovery in the delayed transplant group.
An important question is the fate of transplanted hNT neurons. In previous studies in which embryonic stem cells or neural progenitor cells were transplanted into the central nervous system, investigators demonstrated that these cells engraft and differentiate into oligodendrocytes, astrocytes, and neurons. 10, 11 Similarly, McDonald, et al., 25 transplanted neuronal precursor cells differentiated in vitro into contused spinal cord and reported that approximately 8% of the transplanted cells maintained a neuronal phenotype, whereas 19% expressed astrocytic markers. It is likely that different cell lines that have been differentiated in vitro are variably committed to a neuronal phenotype depending on the conditions of their differentiation. For example, hNT neurons do not express GFAP in culture, 2 although Ntera2 cells, the precursor cells for hNT neurons, can be differentiated into astrocytes after prolonged exposure to retinoic acid. 3 Thus, it is likely that the use of different differentiated cell lines for transplantation will result in a variable number of these cells differentiating into astrocytes or oligodendrocytes, as well as neurons. There was no evidence in our study that human nuclear matrix protein-labeled cells, a specific marker of human cells, were also GFAP positive, suggesting that hNT neurons did not differentiate into astrocytes in vivo but maintained a committed neuronal phenotype. Additionally, in studies in which HO14 was used to examine the fiber outgrowth of hNT neuron transplants into the ischemic spinal cord, investigators have found no colocalization of HO14-positive hNT cells with GFAP (M Marsala, personal communication). In previous studies in our laboratory this question was also examined in striatal transplants of hNT neurons. In those studies as well, there was no indication that any human nuclear matrixpositive cells were also immunoreactive for S-100 (S Saporta, unpublished data). Therefore, these observations, in conjunction with those others who have examined longterm transplants of hNT neurons in the nude mouse, 37 suggest that hNT neurons remain committed to their neuronal phenotype in vivo.
The significant electrophysiological and behavioral recovery demonstrated in rats in the delayed transplant group indicate a possible restorative role of the hNT cells in the contused rat spinal cord. These effects may be mediated by at least two possible mechanisms: 1) the formation of new relay neural circuitry by the transplanted hNT cells bridging the area of damage may contribute functional recovery; and 2) the extensions of fiber outgrowth rostrally and caudally to the contused segment suggest possible reestablishment of the connection within the injured spinal cord. The authors of transplantation studies have shown that cells of various origins send their processes into the host spinal cord and that host neurons project into the transplants. 9, 21, [32] [33] [34] Axons of host origin form synapses within the transplanted tissue in both neonatal and adult spinal cordinjured animals. 6, 21 Analysis of our data supports these two possibilities and the data are in agreement with those reported in previous studies in which investigators found that grafted hNT neurons in athymic nude mice have the capacity to extend fibers in both the gray and the white matter of the spinal cord.
14 The hNT fiber outgrowths extend for more than 2 cm within the white matter after 15 months.
14 It could also be that the hNT neurons provide trophic support for the damaged pathways. It has been reported that the hNT neurons produce glial cell line-derived neurotrophic factor both in vitro and in vivo. 20 Glial cell line-derived neurotrophic factor is known to promote protective and regenerative actions of axotomized facial motor neurons and dopaminergic neurons of the substantia nigra.
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Conclusions
In the present work we report that after complete contusion of the rat spinal cord, the transplantation of the hNT neurons promoted electrophysiological recovery and improvement in behavioral deficits. The fact that these cells have been used clinically in stroke patients, with apparent safety, supports their use for repair of SCI. The present results, however, are preliminary and additional long-term studies combined with detailed characterization of the implanted hNT neurons and more comprehensive behavioral and electrophysiological testing are necessary. 
